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PREFACE 


Soon  after  its  foundation  in  1952,  the  Advisory  Group  for  Aeronautical  Research 
and  Development  recognized  the  need  for  a  comprehensive  publication  on  flight  test 
techniques  and  the  associated  instrumentation.  Under  the  direction  of  the  AGARD 
Flight  Test  Panel  (now  the  Plight  Mechanics  Panel),  a  Flight  Test  Manual  was  published 
in  the  yean  1954  to  1956.  The  Manual  was  divided  into  four  vrlumet:  I.  Performance, 
IL  Stability  and  Control,  111.  Instrumentation  Catalog,  and  IV.  Instrumentation  Systems. 

Since  then  flight  test  instrumentation  has  developed  rapidly  in  a  broad  field  of 
sophisticated  techniques.  In  view  of  this  development  the  Flight  Test  Instrumentation 
Committee  of  the  Flight  Mechanics  Panel  was  asked  in  1 968  to  update  Volumes  III 
and  IV  of  the  Flight  Test  Manual.  Upon  the  advice  of  the  Committee,  the  Panel  dt  ided 
that  Volume  III  would  not  be  continued  and  that  Volume  IV  would  be  replaced  by  a 
series  of  separately  published  monographs  on  selected  subjects  of  flight  test  inslrui  cnta- 
tion:  the  AGARD  Flight  Test  Instrumentation  Series.  The  first  volume  of  this  Series 
gives  a  general  introduction  to  the  basic  principles  of  flight  test  instrumentation 
engineering  and  is  composed  from  contributions  by  several  specialized  authors.  Each 
of  the  other  volumes  provides  a  more  detailed  treatise  by  a  specialist  on  a  selected  instru¬ 
mentation  subject.  Mr  W.DAtace  and  Mr  A-Pool  were  willing  to  accept  the  responsibility 
of  editing  the  Series,  and  Prof.  D. Bosnian  assisted  them  in  editing  the  introductory 
volume.  AGARD  was  fortunate  in  finding  competent  editors  and  authors  willing  to 
contribute  their  knowledge  and  to  spend  considerable  time  in  the  preparation  of  this 
Series. 

It  is  hoped  that  this  Series  will  satisfy  the  existing  need  for  specialized  documenta¬ 
tion  in  the  field  of  flight  test  instrumentation  and  as  such  may  promote  a  better  under¬ 
standing  etween  the  flight  test  engineer  and  the  instrumentation  and  data  processing 
specialists.  Such  understanding  is  essential  for  the  efficient  design  and  execution  of  flight 
test  programs. 

The  efforts  of  the  Flight  Test  Instrumentation  Committee  members  and  the  assis¬ 
tance  of  the  Flight  Mechanics  Panel  in  the  preparation  of  the  Series  are  greatly 
appreciated. 


T.VAN  OOSTEROM 
Member  of  the  Flight  Mechanics  Panel 
Chairman  of  the  Flight  Test 
Instrumentation  Committee 
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1.0  XNTFOOUCTIOS 

finirnrirTn'-r  of  rotation  speed  are  rnnenn  in  flight  test  programs,  and  are  particularly 
important  in  engine  tests.  Xa  setae  Instances,  thw  maasurements  appear  as  an  intermedi¬ 
ate  variable  in  the  naasur— tent  of  a  paraateter  of  primary  interest,  such  as,  fuel  flaw 
or  torque.  In  the  eeaeureeent  of  fuel  flow»  e.g. ,  one  commonly  used  seneor  utilise*  a 
spinner  which  is  ijnersed  in  and  is  driven  by  the  flowing  fuel  so  that  the  rotation 
speed  of  the  spinner  is  proportional  to  flow  rate.  In  certain  torque  measurements,  two 
rotation  speed  measurements  are  made  in  such  a  way  that  the  phase  shift  between  them  is 
proportional  to  torque. 

Thera  ere  other  instances,  of  course ,  in  which  the  speed  of  rotation  is,  itsalf,  the 
precis^  variable  of  interest,  as  is  generally  the  case  in  engine  measurements. 

Thus  in  flight  test  programs,  it  can  be  seen  that  measurements  of  rotation  speeds  pro¬ 
vide! 

(1}  tax  intermediate  step  in  obtaining  measurements  of  sosm  parameters  of  primary 
Interest, 

(2)  functional  checks  of  engine  performance  in  such  events  as  fleam  out,  relight, 
instability,  and  stabilised  descant, 

(?)  the  determination  of  engine  performance  characteristics. 

The  discussion  presented  in  this  AGARDograph  is  primarily  concerned  with  the  analysis  of 
the  techniques  and  systems  used  to  measure  rotation  speeds.  The  application  of  these 
date  in  research  and/or  evaluation  programs  is  a  subject  that  will  be  left  to  other 
authors.  Generally,  engine  functional  checks  involve  engine  speed  (rpm)  measurements 
under  transient  conditions  to  examine  power  variations  for  changes  in  engine  speed  of  up 
to  15-20  percent  of  the  maximum,  and  to  detect  and  analyze  possible  periodic  low 
frequency  (<  5  Hz)  and  low  amplitude  (up  to  e  few  percent)  phenomena.  Conversely,  engine 
performance  calculations  require  measurements  made  at  several  stabilized  power  s  ttings 
which  are  slowly  varied.  Measurements  accurate  to  about  *0.15  percent  are  required  in 
this  application. 

The  following  discussion  will  first  deal  with  chrono tachometers ,  which  are  used  princi¬ 
pally  on  light  aircraft,  than  with  the  two  types  of  sensors  widely  used  on  aircraft  for 
measuring  engine  rpm »  i.e. : 

-the  four-pole  and  two-pole,  three-phase,  tachogenerators 

-the  magnetic  sensors  (phonic  wheel  and  proximity  detector) . 

Finally,  a  comparison  between  these  three  systems  together  with  a  review  of  the  calibration 
techniques  used  with  rotation  speed  measurement  systems  will  complete  this  document.  Vari¬ 
ous  measurement  processes,  not  often  used  in  flight  tests,  are  briefly  described  in  the 
appendix  which  may  prove  useful  in  solving  some  specific  problems. 

2.0  CBRONOTACHOMETERS 

2.1  Principle  of  Operation 

Chrono  tachometers  are  designed  for  measuring  the  mean  rotation  speed  of  a  moving  shaft 
during  the  portion  of  a  second  that  precedes  the  measurement.  The  principle  of  operation 
is  as  follows  (Figure  1) : 

A  clockwork,  wound  by  friction  through  the  rotational  motion  whose  speed  is  to  be  measured, 
distributes  the  time  into  equal  periods  during  which  it  successively  engages  and  disengages 
a  primary  wheel  linked  to  the  shaft  rotation.  The  primary  wheel  (a)  is  first,  driven  via 
the  moving  shaft  by  an  angle  proportional  to  the  measurand  (wheel  engaged) ,  then,  returned 
to  its  initial  position  (wheel  disengaged)  through  a  return  spring.  Khan  the  spring 
reaches  its  maximum  elongation,  it  drives  an  auxiliary  wheel  (b)  integral  with  a  pointer. 

AS  the  primary  wheel  begins  to  return  to  its  initial  position,  the  auxiliary  wheel/ 
pointer  assembly  is  uncoupled  and  fixed  in  position.  If  the  speed  increases,  while  the 
primary  wheel  is  engaged,  both  the  auxiliary  wheel  and  the  pointer  will  be  driver,  by  the 
primary  wheel)  conversely,  if  the  speed  decreases,  they  will  be  returned  to  zero  through 
the  action  of  the  return  spring  until  the  primary  wheel  drives  them  again.  The  pointer 
is  moved  by  small  increments,  almost  imperceptible  to  the  eye,  and  continuously  indicates 
the  rotation  speed. 


2 


If  tj-t^  is  tbs  tt—  intarval  during  which  tbs  primary  whtsl  is  engaged  sad  a  is  tbs 

number  of  abaft  revolutions  during  tbs  corresponding  time,  than  tbs  shaft  rotation  spssd 
will  be  obtained  by  tbs  following  formula! 


w  -  a 


2.2  Design  of  Airborne  Measuring  Systems 

Tbs  airborne  measuring  system  includes  a  means  for  transmitting  the  shaft  rotational 
motion  to  the  tachometer,  tha  tachometer  itself,  and  the  measurement  recording  equipment, 
if  available.  The  transmission  of  the  shaft  rotational  notion  to  the  chrono tachometer 
i u  usually  through  a  flexible  drive  shaft.  Tha  maximum  permissible  speed  for  this  kind 
of  installation  depanda  upon  the  length  and  tha  bends  in  the  flexible  shaft  and  ranges 
from  2,000  rpm  to  4,000  rpm.  According  to  BNAe'  PRL  34-420  Standard  (Kef  1),  the  maxi¬ 
mum  speed  is  3,000  rpm.  This  Standard  also  specifies  as  s  bending  limit,  the  minimum 
distance  between  the  shaft  drive  and  bend  start  to  be  SO  am  end  the  bending  radius  for  a 
90  degree  angle  to  be  at  least  150  m. 

The  recording  of  the  rotation  *c»ed  measurement  as  directly  supplied  from  e  chromo- 
tachometer  is  not  feasible.  When  the  aircraft  tachometer  system  includes  such  a  unit, 
tha  measurement  of  the  rotation  speed  together  with  the  recording  on  a  photographic 
recorder  is  generally  performed  either  by  means  of  a  device  called  a  time  pulsar,  or  by 
measuring  at  constant  time  intervals  the  angular  position  of  a  shaft  whose  rotation  speed 
is  s  portion  of  that  to  be  measured. 

In  the  time  pulsar  (Figure  2) ,  the  position  of  the  rotating  wheel  is  detected  by  s  mechan¬ 
ical  link  which  activates  an  electrical  contact  (time  signal),  tha  rotation  spaed  measure¬ 
ment  being  derived  from  the  measurement  of  the  time  interval  between  two  contacts.  The 
time  pulsar  consists  of  a  light  alloy  body,  a  single-thread  worm  screw,  and  a  100-tooth 
ring  gear.  The  latter,  features  a  boss  which  actuates  #.  pawl  at  each  revolution  of  the 
ring  gear,  thus  producing  a  time  signal  every  hundred  revolutions  of  the  engine  shaft. 
These  time  signals  are  recorded  on  a  photographic  recorder  whose  time  base  makes  it 
possible  to  measure  the  time  interval  between  two  electrical  contacts  provided  the  contact 
indications  can  be  easily  identified  (to  this  end  the  paper  speed  must  be  high  enough  to 
obtain  at  least  0.2  me  between  indications) .  The  time  pulser  is  usually  connected 
directly  to  the  engine  drive  (Figure  3  and  Figure  4). 

For  measurement  of  the  shaft  anguxar  position  at  constant  time  intervals,  a  potentiometer 
is  coupled  to  the  shaft  through  a  mechanism  which  permits  it  to  be  immobilized  every 
second  at  the  position  reached  by  the  shaft.  Figure  5  illustrates  an  instrument  con¬ 
figuration  which  permits  the  mean  rotation  speed  of  jet  engine,  to  be  recorded  at  one- 
second  intervale.  It  operates  as  follows!  the  shaft,  integral  with  the  rotational 
motion  whose  speed  is  to  be  measured,  can  drive  a  soft  iron  disk  carrying  two  springs 
and  a  lug.  An  electro-magnet,  controlled  by  the  recorder  timer,  attracts,  when  energized, 
the  disk  which  comes  to  rest  and  disengages  the  driving  stops.  The  lug  then  cornea  into 
contact  with  the  potentiometer.  As  soon  as  the  disk  is  released,  it  is  pushed  back  by 
the  springs  thus  enabling  the  driving  stops  (pin  and  cam  follower)  to  coos  into  contact. 
During  the  time  the  disk  is  driven  by  the  shaft,  the  lug  is  clear  of  the  potentiometer . 

The  accuracy  of  the  rotation  speed  measurement  depends  solely  on  the  re  sour ament  accuracy 
of  time  interval  t^-t^  Therefore,  it  corresponds  to  that  of  the  clockworks  i.e.s 


The  calculation  of  accuracy  may  be  illustrated  by  the  following  examples  assuming  that 
the  reading  accuracy  of  the  recorded  time  base  is  0.4  mm,  then  to  obtain  a  one  percent 
accuracy  of  tha  speed  measurement,  it  will  be  necessary  to  measure  tha  time  interval 
corresponding  to  a  paper  displacement  of  40  mm. 

The  operation  of  a  c hr onota chase ter  does  not  require  a  power  supply.  Tha  clockwork  is 
friction  rewound  from  the  rotational  motion  whose  speed  is  to  be  measured. 

3.0  TACHOGEHERATORS 

Host  of  the  aircraft  presently  in  service  are  fitted  with  tachometer  systems  which  4 ael uda 
a  tachogsnerator  as  the  sensor.  Th*  generator  is  used  in  conjunction  with  an  eddy- 
current  type  indicator.  The  general  layout  in  Figure  28  shows  tbs  various  configurations 
for  recording  engine  rotation  speed  aeosu.ee  wonts  using  tacbogenarators. 


3.1  Trlasiplg  of  Operation  (Figure  <) 

A  tachogenerator  is  a  small  alternator  including  on*  or  two  not*  ©f  pole  pieces  which 
supplies  a  three-phase  currant  vhoM  frequency  is  proportions)  to  the  rotation  speed  to 
ba  amanad.  it  ocaslsts  of  a  permanent  magnet  rotor  rotating  within  a  wood  stator* 
tbM  stator  has  throe  windings  whose  axes  are  geometrically  displaced  frost  on*  another  by 
120*  so  as  to  generate  a  three-phaa#  signal.  The  ganarator  say  faatur*  four  polos  but 
two-pole  generators  can  accomodate  magnet*  hawing  a  higher  BH  specific  energy  and,  there- 
fora,  an  preferred. 

the  three-phase  voltage  supplied  free  the  ganarator  derives  a  synchronous  eotor  at  a 
spaed  equivalent  to  that  of  the  generator  rotor.  Tha  synchronous  eotor  utilises  a  eta  tor 
that  is  sieilar  to  that  in  the  generator,  although  smaller  in  sixe.  Its  permanent  magnet 
rotor  includes  the  same  of  pole  pieces  as  that  of  the  generator.  The  three-phase 

alternating  current  induces  a  rotating  magnetic  field  in  the  synchronous  eotor  and  subjects 
the  rotor  to  a  torque  causing  it  to  rotate  et  the  sane  speed  as  the  generator.  The 
rotating  rotor  is  used  to  drive  an  eddy-current  tachometer.  This  type  of  tachometer  con¬ 
sists  of  a  permanent  aagnet  system  rotated  by  the  shaft  whose  speed  is  to  be  measured. 

Thus  the  field  produced  by  these  magnets  is  a  rotating  one  which  generates  eddy-currents 
within  a  drag  cup  which  itself  will  be  driven  in  rotation  through  the  action  of  the  field 
upon  these  currents. 

The  torque  driving  the  cup  in  rotation  is  proportional  to  the  rotation  speed  N,  th* 
electrical  conductivity,  and  the  square  of  induction  B  (this  term  is  squared  because  the 
forces  acting  on  the  cup  are  proportions!  to  the  induction  and  to  the  field  acting  upon 
these  currents} ,  hence  t 

C  -  K  N  B* 

Order  the  action  of  the  return  spring,  the  cup  cooes  to  a  balance  position  depending  on 
value  N  of  the  rotation  speed,  thus: 

e  «  I  H  Ba 

(in  this  formula,  6  corresponds  to  the  angle  by  which  the  cup  has  Lean  rotated  with 
respect  to  the  position  selected  as  a  reference) . 

Notes  manufacturers  s  dish  or  a  metal  drum  instead  cf  the  above  mentioned 

cup. 


3.2  Design  of  an  Airborne  Measuring  System 

A  rotation  speed  measuring  system  fitted  with  a  taciiogenarator  includes  the  coupling  of 
the  shaft  to  the  generator,  the  tachogenerator  itself,  the  transmission  of  the  generator 
motion  to  an  Indicator,  the  indicator  and  a  recorder. 

Coupling  of  the  shaft  rotational  motion  to  the  generator  can  be  performed  using  a 
flexible  shaft  where  the  limitations  are  similar  to  those  stated  in  paragraph  2.2  for 
the  r^nn+^hrmim+ffra T  Usually,  however,  the  generator  is  attached  to  a  gear  box  which, 
in  turn,  is  mechanically  coupled  to  the  shaft  whose  rotation  speed  is  to  be  measured. 

The  gear  ratio  used,  is  a  function  of  the  maximum  rjtct  to  be  measured  as  specified  in 
Mlb- 1-7069,  dated  29.12.1950  and  BKAe '  PRL-72-120  standards,  i.e.t  tbe  step-down  ratio 
is  1/2  for  e  maximum  rpm  less  than  10,000  rpm,  1/4  for  a  maximum  rpsn  from  8,000  to 
20,000  rpm,  1/10  for  a  maximum  rpr  from  16,000  to  50,000  rpsn 

Various  configurations  are  available  for  transmission  of  the  generator  output  to  the 
indicator  depending  on  whether  the  generator  is  installed  solely  for  the  tests  or  serves 
beth  the  aircraft  operational  system  and  the  tests.  In  some  cases,  a  single  indicator 
can  serve  the  needs  of  both  the  aircraft  system  and  the  tests  while  in  others  separate 
systems  are  required.  Some  of  the  configurations  that  may  be  encountered  with  a 
tachogenerator  are: 

-  one  aircraft  indicator  without  recording  means 

-  two  aircraft  indicators  without  recording  means 

-  one  aircraft  indicator  with  recording  means 

-  two  aircraft  indicators,  one  with  and  one  without 
recording  swans. 

If  several  drives  are  available,  one  tachogenerator  may  be  installed  for  measuring 
purposes  only  (Figure  9).  Sometimes,  on  additional  drive  can  be  provided,  as  illustrated 
in  Figure  3,  or  several,  generators  may  be  stacked  on  a  single  drive  (Figure  10). 

In  transmitting  the  generator  output  to  the  indicator (s ) ,  the  line  length  and  resistance 
affect  only  the  driving  torque  of  the  indicator's  synchronous  motor,  which,  in  turn, 
affects  the  lowest  speed  at  which  the  indicator  will  stay  in  avnc  with  the  ganarator. 

This  speed  is  closely  dependent  upon  the  motor  temperature.  For  two-pole  miniature 
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generators,  thin  is  higher  than  with  lour-pole  generators  and  i its  valu*  is  doubled 

when  two  Motors  are  connected  in  parallel  to  the  same  generator  (the  engagement  speed  of 
a  synchronous  aaotor  ootnsacted  with  a  two-pole  generator  is  approximately  250  rpm  whereas 
its  disco gag  ament  speed  is  about  100  rpm.  if  the  indicator  is  subjected  to  temperatures 
as  high  as  60  *C,  the  engagement  speed  My  reach  1,500  rpas  with  two  indicators  connected 
in  parallel) .  The  electrical  wiring  must  be  shielded  and  incorporate  three  wires  each 
having  *  einiene  crow-section  of  0.4  an  (Specification  PEL  72-120) . 

The  measurement  recording  can  be  parfp.aed  either  fr^m  a  tachogenerator  installed  for 
the  tests,  frost  an  indicator  provided  with  a  recording  output,  or  from  an  instrument 
similar  to  the  indicator  but  suited  for  recording.  It  is  also  possible  to  record  one 
phase  of  the  three-phace  signal  da ve loped  by  the  aircraft  generator,  this  process  is 
not  recommended  because  of  safety  considerations;  i.e. .  a  measurement  circuit  failure 
could  affect  the  Information  displayed  to  the  pilot  and  the  introduction  of  e  phase 
unbalance  in  tbs  signal  from  the  generator. 

Techniques  for  recording  the  output  of  tachogenarafeors  will  be  discussed  in  paragraph 
3.6;  this  subject  being  of  sufficient  importance  to  ha  dealt  with  separately. 

3.3  Advantages  and  Disadvantages  of  Tachegeoarator*  and  Eddy-Current  Synchronous 
Indicators  Pled  for  fenqine  rpm  HeaaujSsaaEa. 

The  engine  rpm  measurements  performed  with  such  devices  involve  the  transmission  of  an 
electrical  voltage  where  the  information  is  contained  in  the  signal  frequency.  The 
measurement  is  not  feasible  at  low  rotation  speeds  but,  as  soon  as  the  synchronous 
indicator  engages,  the  rotation  speed  to  be  measured  by  the  eddy-current  tachometer 
exactly  corresponds  to  that  of  the  tao.ogenorator.  Thu*,  tha  measurement  accuracy  is 
determined  by  the  eddy-current  tachometer. 

The  construction  of  the  latter  is  simple,  light  and  thair  measurement  range,  200  rpm  to 
5,000  rpm.  is  well  suited  for  flight  tests.  The  time  constant  involved  is  acceptable  for 
most  of  the  applications  and  tha  accuracy  obtained  is  ±0.5  percent.  Such  devices,  however, 
require  a  prestabilization  treatment  of  the  magnets  in  order  to  produce  a  constant  magnetic 
field.  long  term  stability  of  the  magnetic  field,  and  hence,  system  geometry,  continues 
to  be  a  problem.  Furthermore,  as  they  are  particularly  affected  by  temperature  variations, 
it  is  necessary  to  provide  them  with  a  compensating  device.  It  has  been  demonstrated  that 
a  temperature  variation  causes  the  followings 

(a)  A  change  in  conductivity,  a,  of  the  eddy-current  disk.  The  alloy  generally  used 
for  the  drag  cup  is  selected  according  to  its  high  conductivity  (12  times  that  of  copper) 
and  low  density  (1/3  that  of  copper).  Its  conductivity  variation  ia  similar  to  that  of 
coppar;  i.e.,  0.4  percent  per  degree  centigrade.  This  value  corresponds  to  an  average 
rotation  speed  error  of  -6  percent  for  a  temperature  variation  of  +100*C.  (Tha  purpose 
of  the  above  mentioned  selection  criteria  is  to  obtain  a  maximum  drive  torque  of  the 
rotating  disk,  this  torque  being  proportional  to  conductivity,  o,  and  to  minimise  the 
errors  due  to  friction.) 

(b)  A  change  in  the  magnetic  field  generated  by  the  permanent  magnets.  This  field 
decreases  as  the  temperature  increases.  As  a  result,  the  torque  acting  upon  the  drag 
cup,  due  to  the  presence  of  eddy-currents,  is  proportional  to  the  square  of  induction  B; 
i.e.,  the  square  of  the  magnetic  field  generated  by  the  magnets,  induction  B  being  equal 
to  the  product  of  magnetic  field  H  times  the  permeability.  The  error  in  rotation  speed 
due  to  temperature  changes  ia  -0.05  percent  per  degree  centigrade;  i.e.,  a  temperature 
variation  of  100*C  corresponds  to  e  rotation  speed  error  of  -5  percent. 

(c)  A  change  in  width  of  the  gap,  since  the  expansion  of  the  permanent  magnet  sup¬ 
ports  is  greater  than  that  of  the  magnets.  This  gap  variation  cuy  be  reduced  through  tha 
use  of  INVAR  magnet  supports.  In  that  case,  a  temperature  variation  of  +100 *C  corresponds 
to  a  rotation  speed  error  of  -1  percent.  Therefore,  when  the  temperature  decreases,  the 
driving  system  (magnets  and  drag  cup)  tends  to  indicate  an  excessive  rotation  epeed  value 
whereas  tha  torque  on  the  return  spring  increases.  An  appropriate  heat  treatment  of  tha 
metal  disk  alloy  allows  the  temperature  coefficient  to  be  correctly  matched  with  that  of 
the  return  spring.  If  the  temperature  of  the  spring  and  the  disk  are  nearly  identical, 
which  usually  happens,  the  tachometer  being  boused  in  a  closed  box,  the  errors  resulting 
from  temperature  variations  will  cancel  each  other.  The  magnets  must  be  compensated  by 
magnet  keepers  which  also  serve  to  regulate  the  flux  aero.  *  the  gap  containing  the  drag 
cup. 

It  is  to  be  noted  that  the  tachogeneratcr  temperature  range  is  limited  to  +150*C. 

3.4  Various  Types  of  Existing  Equipment 

Until  1967,  airborne  generators  were  heavy  (from  750  to  1,250  g.)  and  bulky;  they 
included  two  pairs  of  pole  pieces  and  a  rotation  speed  limit  of  5,000  rpm.  According  to 
BKAa  PRL  75-122  Standard,  the  maximum  module  of  the  indicators  associated  with  these 
generators  is  limited  to  57  and  they  are  calibrated  in  percent;  100  percent  -  4,200  rpm. 

All  of  these  generators  have  approximately  tha  same  characteristics;  i.e., 

» 

no-load  voltage  at  1,500  rpm;  36  V  rms. 


operating  voltage  Into  a  non-inductive  circuit  of  208:  3  V  nu  at  300  rpa. 

Voltage  variation  vexaua  speed  is  1 inear  as  follows* 

20  mV/xpm  with  s  conventional  four-pole  indicator,  18  mV/rpm  with  two  conventional 
four-polo  indicators. 

Since  1967,  miniature  generators  weighing  approximately  320  g.  (Figure  12)  have  been 
available,  which  ere  about  one-half  the  else  of  the  previously  mentioned  generators  (see 
Figure  9).  the  two-pole  generators  are  normally  intended  for  driving  one  cr  two  indica¬ 
tors,  although  with  two  indicators  the  engagement  speed  is  higher  than  that  obtained 
with  the  older  tachogeaexators.  The  rotation  speed  of  the  newer  generators  is  limited 
to  10,000  rpa.  the  maduls  of  the  synchronous  indicators  normally  associated  with  these 
generators  is  as  follows* 

Blue  50  for  a  single  indicator  (2  in.  disaster  esse) 

SKAw  57  for  a  dual  indicator  and 

Itttta  60  for  a  triple  indicator  (see  Figure  13) 

3.5  Power  Supply 

This  type  of  engine  rpa  maasureaent  system  does  not  require  e  power  lupply. 

3.6  «  ».■  .ament  Recording 

The  n  <  V  'ui  eprsd  aeasurearats  jure  usually  recorded  in  flight  on  s  photographic  or  mag- 
rv ‘i c.  _  ,  dar  wnd/or  telemetered  to  the  ground.  Various  signal  conditioners  have  been 
«  'vWx'  aoTcmmedate  these  different  applications.  Some  of  these  are  specific  to  s 

glvaft  _  ia  jff  m^fTd.ng  device,  while  the  aore  recently  produced  units  are  general  purpose 

•V' .  tarev " 


1  -  V  ^oqr'  *>'  -  a  Recording 

The  iw  aeli vexed  by  the  tachogenerator  may  be  recorded  using  a  tachometer 

-  ^ipo  u  ••■'v  t*.  vi '  s  for  both  a  photographic  recorder  and  an  indicator.  ?bis  device  is 

ufarrr  ^  cm  aw  »  P 51  tachometer.  This  is  an  eddy-current  tachosmter  derived  from  the 
airt-tuu.-  ^achoaocers  and  adapted  for  use  with  the  A13  photographic  recorders.  It  is 
widely  re  in  France  for  flight  tests.  This  tachometer  (see  Figures  14a  and  14b)  con¬ 
sists  or  .  drag  cup  (3) ,  subjected  to  eddy-currents,  which  drives  a  mirror  wheel 
(5)  whose  position  therefore  depends  upon  the  rotation  speed  to  be  measured.  The  mirror 
wheel  (5)  located  in  front  of  lens  (6)  reflects  via  mirror  (7)  the  light  ray  emitted  by 
the  recorder  lamp  towards  the  recording  slot* 

For  each  of  the  mirrors  in  the  P51  tachometer,  a  full  sweep  of  the  slot  corresponds  to  a 
500  rpm  rotation  speed  of  the  generator  and  the  mirror  distribution  avoids  any  gaps  in 
tha  measurement  range.  The  measurement  range  of  the  P51  tachometer  is  from  150  to  5,000 
rpm.  The  instrument  features  24  mirrors  and  affords  an  accuracy  of  about  ±5  rpm  for 
constant  engine  speed.  Although  this  was  almost  the  only  type  of  tachometer  used  in 
Prance  from  1957  to  1967,  it  was  not  entirely  satisfactory  for  the  two  following  reasons: 

(1)  There  is  no  ’coarse  scanning’  allowing  several  mirrors  to  be  sensed. 

Various  techniques  have  been  used  to  alleviate  this  deficiency,  all  of  which  are  base' 
on  the  rectification  of  the  voltage  from  the  generator. 

(2)  For  some  tests,  the  response  of  the  P51  tachometer  is  too  slow.  Comparisons  of 
the  responses  of  tha  generator  output  which  has  been  rectified  (constant  delay  equal  to 
0.14  sec)  and  recorded  on  photographic  paper  using  a  P51  tachometer,  with  fast  rotation 
speed  variations  of  tha  generator,  indicate  that  the  P51  tachometer  introduces  a 
significant  time  delay  (see  Figures  15  and  16). 

Currently,  the  most  frequently  used  P51  tachometers  are  of  the  four-pole  type  although, 
a  two-pole  version  has  been  developed  which  is  compatible  with  the  new  two-pole  generators. 
P51  tachometers  are  directly  mounted  into  the  A-13  photographic  recorders  (see  Figure 
17).  However,  a  number  of  precautions  must  be  observed  in  installing  cart "in  types  of 
galvanometers  in  a  recorder  fitted  with  &  P51  tachometer.  Depending  on  the  aircraft 
indicator  used,  it  is  also  necessary  to  check  whether  the  parallel-connection  of  a  P51 
tachometer  is  feasible.  Whereas  the  P51  tachometer  does  not  require  a  power  supply,  pro¬ 
vision  does  have  to  be  made  to  power  tha  lamp  in  the  photographic  recorder. 

3.J.2.  Telamstering  Transmission 

If  tha  aircraft  incorporates  telemetry  then  the  capability  for  real-time  monitoring  of 
rotation  speed  variations  may  be  provided  on  the  ground.  Similar  design  problems  are 
encountered  whether  the  signals  are  to  be  telemetered,  or  recorded.  In  order  to  limit 
the  number  of  telemetry  channels  required  for  engine  rpm  measurement,  it  is  necessary  to 
convert  the  three-phase  signal  from  the  generator  into  single-phase  signal.  The  latter 
can  then  be  read  on  the  ground  using  a  frequencymeter. 
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The  three-phase  to  single-phase  conversion  of  the  signal  gener.  -y  implies  &  frequency 
multiplication  of  the  signal  since  the  signal  frequency  from  the  tachogenerator  is 
generally  too  low  to  obtain  the  accuracy  desired  in  the  engine  tests.  This  frequency 
multiplication  of  the  signal  is  an  advantage  since  it  frequently  avoids  the  need  to 
install  an  additional  generator  having  a  greater  number  of  poles. 

This  conversion  has  been  successively  accomplished  using  the  following  techniques: 

(!)  A  10-ohm  resistor  is  connected  in  series  with  one  phase  of  the  P51  tachogenera tor- 
indicator  system.  The  stability  of  the  voltage  across  the  resistor  terminals  is  better 
than  that  of  the  interphase  voltage  supplying  the  aircraft  indicator.  The  lock-on 
thresholds,  however,  of  the  P51  tachometer-indicator  assembly  are  higher.  This  practice 
is  not  recommended  because  the  impedances  of  the  tachogenerators  and  indicators  are 
adjusted  to  provide  the  correct  matching  of  the  units  whi  -  h  could  be  impaired  by  the 
insertion  of  an  additional  resistor. 

(2)  Frequency  tripler.  The  three-phases  of  the  current  supplied  from  the  generators  are 
star— connected  (commonly  referred  to  as  Y— connected  in  the  US) .  The  phases  are  connected 
through  diodes,  to  a  junction  point  where  the  voltage  is  continuously  equal  to  that  of 
the  phase  having  the  highest  algebraic  value  (Figures  18-19).  Such  a  device  does  not 
require  power  supply. 

(3)  Frequency  multiplier  x(2  (four-pole  generator  signal)  and  x  13  (two-pole  generator 
signal)  (Figure  20).  The  system  includes  two  secondary  windings,  one  being  star-connected 

the  other  delta-connected.  The  voltages  across  each  terminal  of  the  star— connected 
secondary  winding  and  the  junction  point  are  phase-shifted  by  2w/3.  The  voltages  across 
the  terminals  of  the  delta-connected  secondary  winding  are  phase-shifted  by  x/6  with 
respect  to  the  previous  ones.  These  six  voltages  are  rectified  by  means  of  mid-point 
transformers  and  12  diodes.  The  latter  connect  the  transformer  outputs  with  a  junction 
point  where  the  voltage  is  continuously  equal  tc  that  of  the  phce  having  the  highest 
algebraic  value.  The  signal  frequency  multiplication  by  ratios  of  6:1  or  12:1  simplifies 
the  measurement  functions  but  the  design  of  a  double-haxaphase  system  is  complicated  and 
requires  a  number  of  precautions.  Such  a  device  is  supplied  with  28V  DC  and  requires 
less  than  50  mA. 

(4)  Generation  of  square-wave  signals  using  an  optical  device  integral  with  the  airborne 
indicators:  P55  tachometer  (Figure  21).  A  circular  element  incorporating*^? 0  white  and 
black  strips  is  made  integral  with  the  synchronous  motor  of  the  rpm  indicanup  This 
element  is  illuminated  by  a  lamp  and  as  it  rotates  the  lighting  variations  wh  viewed 

by  a  photodiode.  After  shaping  the  photodiode  output,  the  resultant  signal  a  square 
wave  with  a  frequency  60  times  higher  than  the  rotation  speed  of  the  element.  The 
advantages  of  such  a  device  are: 

(a)  A  failure  in  the  recording  system  has  no  effect  on  the  aircraft  indicator,  and, 

(b)  The  higher  signal  frequency  permits  good  accuracy  through  pulse  counting.  On 
the  other  hand,  the  measurement  can  only  take  olace  after  the  airborne  indicator  has 
locked  on.  This  arrangement  is  better  than  the  P51  tachometer  system  because  there  is 
one  less  indicator  (a  P51  tachometer  is  generally  connected  in  parallel  with  the  aircraft 
indicator) .  This  device  requires  a  28V  DC  supply  and  requires  less  than  50  mA. 

(5)  Recovery  of  a  three-phase  signal  from  a  telemetered  single  phase  signal.  In  order 
that  the  measurement  may  be  displayed  and  recorded  on  the  ground  using  an  indicator 
similar  to  the  airborne  indicator,  and  a  photographic  recorder,  equipments  have  been 
developed  which  can  simultaneously  drive  telemetry  discriminators  and  two  parallel-connected 
indicators  (an  aircraft  indicator  and  a  P51  tachometer) .  The  principle  of  operation  is  as 
follows:  a  supply  voltage  U  is  successively  applied  through  three  switches  to  the  three 
terminals  of  an  indicator  coil  (see  Figure  22) .  The  switching  rate  of  the  switches  depends 
upon  the  frequency  of  the  signal  from  the  telemetering  discriminator.  The  various  currents 
flowing  through  the  three  indicator  coils  are  shown  in  Figure  22.  These  three  currents 

are  equally  phase  shifted  by  1/3  of  a  period  with  relation  to  each  other. 

The  power  supply  of  such  a  device  is  either  127-2 20V,  50  Hz,  single-phase;  115-208V, 

400  Hz,  three-phase;  or  28V  DC. 

With  a  load  of  two  indicators,  0.5A  is  required  at  220V. 

3.6.3  Analog  Hagnetic  Recording 

As  a  result  of  the  standardization  of  the  input  specifi  tions,  the  problems  encountered 
in  telemetering  and  recording  the  rotation  speed  of  a  three-phase  tachogenerator  are 
similar.  Two  differences,  however,  are  to  be  noted: 

(1)  For  analog  magnetic  recording,  there  is  no  point  in  recovering  a  three-phase  signal. 

(2)  The  single-phase  signal  can  be  directly  processed  on  a  computer.  This  operation, 
however,  is  practical  only  if  the  computer  is  already  dedicated  to  the  tests  which  require 
the  measurement  of  the  rotation  speed. 
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Digital  acquisition  systems  permit  pulse  counting.  Thus,  to  adapt  the  signal  trass  the 
techogeneretor  to  a  digital  recording  system,  it  is  necessary,  as  in  the  case  of  the 
French  ajax  telemetering  transmission  and  analog  Magnetic  recording,  to  perform  three- 
phase-to-s ingle-phase  signal  conversion  where  the  frequency  is  none  Multiple  of  tha 
rotation  speed.  A  ocMprosd.se  is  mads  between  the  counting  time  (i.e. ,  the  Measurement 
rate}  and  the  desired  accuracy.  Tba  adaptation  of  the  single-phase  signal  to  tha  digital 
recording  system  is  accomplished  using  digital  transducers. 

She  transducers  associated  with  rotation  speed  sensors  consist  oft 

-  circuits  for  impedencs  Matching,  amplification  and  shaping  of  the  signal  delivered 
by  the  sensors, 

-  a  tine  base,  usually  consisting  of  a  temperature-controlled  Master  crystal 
together  with  a  divider  link  and, 

-  a  counter. 

She  digital  transducers  used  arc  either  of  the  frequencyaster  or  periods* ter  type, 
depending  on  the  pulse  rata  of  the  signal  from  the  rotation  speed  sensor. 

3. 6. 4.1.  Fre^uencyme/cer 

She  time  base  provides  equal  tine  intervals  T  which  are  generally  either  0.01  sec,  0.1 
sec  or  10  sec.  The  colter  sums  the  number  of  periodic  signal  pulses  transmitted  by  the 
rotation  speed  mentor  and  shaped  during  time  intervals  equal  to  S.  Considering  F  as  tha 
signal  frequency  ge-jtereted  by  the  rotation  speed  sensor,  the  number  n  counted  by  the 
counter  during  a  tfmt  interval  T  will  be  given  by  the  formula: 


n  ■  F  x  T 


With  an  instrument  of  this  type,  the  error  in  measuring  tha  frequency  F  is: 


AF  An  .  AT 

r~  "  h~  +  T~ 


Under  conditions  of  no  noise,  the  error  introduced  by  the  counter  for  determining  n  is 
at  the  most  equal  to  onto  whereas  the  relative  error  of  the  time  base 

is  generally  less  than  10”5.  This  error  is  negligible  with  respect  to  the  accuracy 
generally  required  which  is  ±0.15  percent  hence: 


AF 


10 


-5 


1 

IP  x  f 


The  measurement  accuracy  obtained  with  a  frequencyaetor  is  inversely  proportional  to  the 
product  of  the  frequency  tc  be  measured  times  the  counting  time.  To  reach  tha  desired 
value  of  0.15  percent,  this  product  must  be  higher  than  660.  Consequently ,  such  a  device 
enables  accurate  measurements  of  slowly  varying  speeds  to  be  made.  This  device,  however, 
is  not  suited  for  the  analysis  of  transient  phenomena. 


3. 6. 4. 2  Periodmeter 


To  obviate  the  need  for  excessive  counting  time,  it  is  advisable  to  perform  low  frequency 
measurements  by  means  of  transducers  of  the  periodmeter  type.  The  counter  sums  the 
number  of  pulses  generated  by  the  timer  during  the  time  interval  between  two  pulses  from 
the  rotation  speed  sensor.  Considering  F  as  the  frequency  of  the  signal  generated  by 
the  rotation  speed  sensor,  the  number  n  counted  by  the  counter  will  be: 


a  - 


The  error  introduced  by  a  periodmeter  into  the  measurement  of  frequency  F  is: 

AF  Af  An 

F-  "  T  +  5- 

As  for  the  frequencymeter  measurements  (assuming  no  noise) ,  the  error  introduced  by  the 
counter  for  determining  n  is  at  most  equal  to  one  whereas  the  relative  error 

r  is  less  than  10-5,  hence: 

a- 


af  _  1  . 
Y-  “  n  + 
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Inatma A  of  using  the  devices  described  in  paragraph  3.6.2  (through  direct  Acquisition  in 
digital  form  either  from  «  computer#  free  a  digital  acquisition  device,  or  by  reconversion 
into  three-phase  signal ) #  the  three-phase  signal  nay  be  converted  into  DC  voltage  propor¬ 
tional  to  the  rotation  speed.  Such  a  device  ie  referred  to  as  e  frequency-to-voltage 
converter.  The  resulting  DC  voltage  can  than  be  recorded  on  a  photographic  or  magnetic 
tape  recorder  or  telemeterad.  There  seen  to  be  no  significant  reasons  for  recording  on 
an  analog  device#  although  this  is  practical.  . 

The  frequency-to-voltage  conversion  can  be  accomplished  by  either  of  two  processes! 

(1)  Prequency-to-voltage  converter  including  a  diode  pump  (Figure  23).  The  input  signal 
of  frequency  F  is  applied  through  capacitor  c  to  the  junction  point  of  two  diodes  Dl  and 
D2.  The  anode  of  diode  Dl  is  at  ground  potential  while  the  cathode  of  diode  D2  is  con¬ 
nected  to  the  input  of  an  operational  amplifier  whose  negative  feedback  loop  Consists  of 
a  capacitor  and  resistor  in  parallel.  When  the  input  voltage  is  negative#  capacitor  c 

is  charged  across  diode  Dl.  When  the  input  voltage  is  positive,  capacitor  c  is  discharged 
across  diode  D2  and  generates  a  current  Z  in  opposition  with  current  I*  of  the  amplifier 
negative  feedback  loop.  For  each  signal  period,  the  potential  stored  in  capacitor  c 
corresponds  to  Q  *  cv,  where  V  represents  the  charging  voltage  of  capacitor  cj  i.e. ,  the 
peak-to-peak  amplitude  of  the  input  signal.  Hence: 

Current  1  is  equal  to  c  x  V  x  F 

Current  I'  is  equal  to  Vq/R  (vo  being  the  output  voltage 

of  the  operational  amplifier)#  thus: 

V  /R  -  c  V  F. 
o 

The  output  voltage  of  the  operational  amplifier  is  VQ  -  c  R  V  Fj  it  is  proportional  to 

the  input  signal  frequency  F  and  to  the  capacitor  charging  voltage  V.  Therefore,  the 
peak -to- peak  voltage  of  the  input  signal  must  be  constant  and  its  leading  and  trailing 
edges  free  of  distortion.  This  condition  is  achieved  by  the  use  of  a  shaping  stage. 
Capacitor  c‘ ,  connected  in  parallel  with  resistor  R,  is  used  for  filtering  and  pulses 
during  the  operation. 

(2)  Prequency-to-voltage  converter  including  a  flip-flop  (see  diagram  in  Figure  24). 

The  duration  of  the  input  signal,  having  a  frequency  F,  Is  determined  by  a  flip-flop  cir¬ 
cuit.  The  latter  drives  a  switch  consisting  of  two  PNP  and  HPN  type  transistors,  series- 
connected  between  the  ground  and  a  reference  voltage  Vref .  In  the  rest  state,  the 
flip-flop  delivers  an  output  signal  which  causes  transistor  1  to  conduct  and  to  saturate 
whereas  transistor  2  is  blocked.  Thus,  no  current  flows  through  resistor  R#  one  end  of 
which  is  connected  to  the  junction  point  of  both  transistors,  and  the  other  to  the  oper¬ 
ational  amplifier  input.  In  working  condition,  the  flip-flop  output  signal  blocks 
transistor  1  and  causes  transistor  2  to  conduct.  The  current  I  flowing  then  through 
resistor  R  is  I  »  Vref/R.  If  we  consider  t  as  being  one  state  of  the  flip-flop,  the 
charge  applied  across  resistor  R  will  ba  Q  -  Vref  x  t/R. 

If  F  is  the  input  signal  frequency,  the  flip-flop  will  change  its  state  F  par 

second  and  current  I  will  correspond  to  1  -  Vref  x  t/R  x  F. 

This  current  is  in  opposition  to  the  negative  feedback  loop  current  I*  of  the  operational 
amplifier: 

V  V 

I'  ■»  hence  Vref  *  j*  r  ■ 


Consequently,  the  output  voltage  V.  is  proportional  to  frequency  F  of  the  signal  whose 
frequency  is  to  be  measured. 

Regardless  of  the  process  used,  the  output,  voltage  VQ  includes  a  DC  component  which  is 

proportional  to  the  frequency  of  the  uigaal  to  be  measured:  i.e.,  to  the  rotation  speed# 
and  an  AC  component  which  must  be  suppressed  by  a  filter.  A  compromise  can  be  made 
between  the  permissible  residual,  noise  lftvel  in  the  output  signal  and  bandwidth  required 
for  the  transducer.  The  analog  transducers  tare  presently  available  with  time  constants 
of  65  percent  less  than  200  msec,  with  a  residual  voltage  below  2  mV  and  an  input  signal 
frequency  higher  than  16  Hz. 


la  ordsr  to  improve  thm  rtading  accuracy  of  the  DC  signal  voltage,  uss  can  bo  made  of  a 
coar aa-fin* “  system.  ttiis  system  is  designed  to  provide  two  output  voltages*  i.a.# 

(1)  the  “coarse*  channel  has  provisions  for  impedance  matching;  however,  the  output 
voltage  is  identic* 1  to  the  input  voltage; 

(2)  the  "fine*  channel  contain*  provisions  for  expanding  the  scale  of  the  input;  i.e. , 

a  change  in  voltage  of  sero  to  full  scale  at  tha  input  is  represented  by  a  selected 
ntstber  of  sero  to  full  scale  voltage  excursions  at  the  output.  For  example,  if  an 
amplification  factor  of  five  was  selected,  then  each  successive  20  percent  of  full  scale 
voltage  change  at  the  input  would  result  in  a  sero  to  full  scale  voltage  change  the  output 
(Figure  25).  (Note;  She  fine  voltage  is  equivalent  to  the  sensitive  sweeps  of  the  P51 
tachometer.)  . 

A  tachometer  transducer  of  this  type,  referred  to  as  P6200  (Figure  26) ,  has  been  developed 
et  the  Centre  d'Essais  an  Vol.  She  “coarse-fine"  system  includes  up  to  5  sensitivities 
which  wake  it  possible  to  obtain  an  overall  system  accuracy  of  up  to  id. 30  percent  in 
recording  or  telemetry  systems.  The  advantage  of  this  tachometer  is  essentially  its  high 
f  til®  SyStMl  tiftt  constant  il  IMS  thm  200  HCC  which  r.f>irr^«|y%pijy  tiO  g  ItSpo&SC 
at  5  paroant  of  about  1  sec  (Figure  27).  The  P62  transducer  is  mounted  between  the  three- 
phese/eingls-phase  conversion  system  and  a  recording  of  telemetry  system  (Figure  28).  The 
P62  transducer  requires  a  28V  EC  power  supply  and  its  consumption  in  leas  than  450  ^ . 

4.0  MAGNETIC  SENSORS 

At  the  present  time,  tachogenarator*  are  used  almost  exclusively  for  rotation  spaed 
measurements;  however,  new  technique*  employing  magnetic  sensors  are  being  introduced  in 
flight  teat  programs. 

4.1  General 

There  are  three  types  of  magnetic  sensors  usable  for  engine  testa;  proximity  detectors, 
phonic  wheels,  and  mobile  permanent  magnets  ar-ociated  with  a  fixed  coil. 

4.1.1  Proximity  Detectors 

This  type  of  detector  incorporates  an  oscillator  consisting  of  two  tuned  circuits,  one 
of  thasa  circuits,  making  up  the  detector  proper,  is  fitted  with  a  detector  coil.  The 

t°  t#i*  produces  induction  flux  lines  which  generate 

•cdy-current*  on  any  metallic  surface  which  i8  sufficiently  close.  The  eddy-currents  in 
turn  produce  e  magnetic  field  which  counteracts  the  initial  magnetic  field  end  «•+"*■  to 
decrease  the  currant  flowing  through  the  coil.  If  the  metellicsurfece  is  close  to  the 
U^-o^th.  eddy-current,  are  high  whereas  the  current  in  the  ooiTi^lot.  m2  circuit 
?°tun*2  wit*  respect  to  the  second  tank  circuit  end  the  oscillation  ceases. 

*«*  **“  r81-  «*•  •My-currontc  ere  low  while  Sr^- 
rent  in  tha  coil  is  high.  This  correspond*  to  a  tuned  condition  of  both  tuned  circuits. 

*uxili»rY  co«  wheel,  used  for  the  rotation  speed  measurement,  is  moved  bv 
ons  cog,  these  sensors  act  as  successively  open  or  closed  mechanical  contacts;  the  closing 
(or  opening)  frequency  of  the  contact*  is  proportional  to  tha  number  ol  coga  ^ 

p^k^N/fi^h^0  tS®;r0^ftion  *p**d  °*  ^  Auxiliary  wheel.  The  modulation  frequency  la 
the  2u2iiuj/tfa£2l?  U  rotation  speed  in  terms  of  rpm,  and  K  tha  number  o^S^f 


4.1.2 


atlc  Sensors  Referred  to  as  “phonic  Wheel*  (Figures  29  30) 


«fr^tion8.C*U,*d  **  «*•  diuplacamaat  of  e  cog  wheel  or  turbine  blade* 

ZFL1*  u**d  to  9*n*rit*  «i9ttala  who*,  frequency  is  proportiowa  to 
yotiifclon  spMd  (the  blftdii  or  oogi  must  be  made  of  magnetic  metal)*  This  tvoa  of 

to  •  f**11  «ltiple  pole  .Iterator?  ^hT^gnltic 
oor**  interlinked  by  a  magnet  end  an  auxiliary  cog  wheel  <«t-grsl 
tacb  ***■  *  c?g  °f  the  wheel,  called  “Phonic  tfeeal”,  moves  in  front  of 
tha  soft  iron  cores ,  a  flux  variation  occurs  in  tha  windings  of  two  ©oils  dileh  are 
concentrically  arranged  about  tha  core;  those  coils  ere  electrically  wired  in  ssriw  d>. 
frequency  of  the  emf  induced  in  the  coils  is  proportioLl  tothTroLt^TaoLr^f^'s 
auxiliary  cog  wheel  and  the  sorter  of  cogs;  lim^TT-lKe”  nT  apm* 


Mobile  Permanent 


Associated  with  a  Fixed  Coll 


the  permanent  magnet  is  fitted  to  *  blade  of  the  turbine  whose  rotation - -■»  «.  to  k« 

turbine  blade*  must  be  mad.  of  magnetic  metslanTt^^rtiSriiLlf  Sat 
balanced.  At  each  revolution  of  the  turbine,  the  magnet  induces  in  the 

polarities.  To  ensure  that  tha  signal  ?nduoed  in  the  ooil 
la  a  sine  wave,  the  following  condition*  must  be  fulfilled*  *«»uo*u  in  cne  oou. 
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(X)  either  samurai  magnets  should  be  distributed  over  the  turbine  (the  blades 

are  generally  fitted  with  two  diametrically  opposed  ■agnate), 

(2)  or  the  rotation  speed  should  be  relatively  high  (as  in  the  case  of  expansion 
turbines) .  the  magnate  as  well  as  the  coil  location  muat  be  provided  for  in  the 
original  design. 

Motet  Instead  of  the  rotation  speed  sensor  ooils  described  in  the  two  preceding  para¬ 
graphs  (Phonic  wheel  and  mobile  permanent  magnet  associated  with  a  fixed  coil), 
it  is  possible  to  install  magnetoresistors  (these  are  semi-conductor  devices  whose 
resistance  increases  when  pieced  within  a  magnetic  field) .  The  xagna to resistor- 
type  instruments  develop  forces  acting  upon  the  rotating  element,  which  are 
smeller  than  those  generated  by  coil-type  instruments.  They  are  particularly 
well  suited  for  measuring  the  rotation  speed  of  spinners  used  in  flow  detectors 
which  oonvert  the  flow  parameter  into  rotation  speed  measurement. 


of  an  Airborne  Measuring  System 


4.2.1  Direct  Installation  of  the  System  on  ths  Engine  Without  Drive 


Since  part  of  the  engine  is  used  as  a  pert  of  the  magnetic  sensor,  the  sensor  is  normally 
made  integral  with  the  engine.  Therefore,  provisions  should  be  made  for  this  when  the 
engine  ie  designed.  However,  the  magnetic  sensor  nay  be  added  later  using  an  auxiliary 
cog  wheel.  This  solution  is  not  reoemmended  because  the  resulting  signal  shows  a 
tendency  to  be  more  affected  by  noise.  The  first  two  types  of  magnetic  sensors  described 
presuppose  the  presence  of  natal  blades  and  correspond  to  engine  rotation  speed  measurements 
originating  from  the  compressor  blades.  The  third  type  is  used  with  non -magnetic  blades. 

It  corresponds  to  the  rotation  speed  measurement  of  expansion  turbines. 


4.2.2  Installation  Using  a  Shaft  Drive 


Self-contained  magnetic  'sensors  are  available  which  include  a  cog  wheel  and  a  phonic 
wheel-type  sensor  housed  in  a  case  of  approximately  the  same  size  as  that  of  a  tacbo- 
generator.  Such  a  sensor  is  installed  on  the  shaft  drive  and  is  separate  from  the  engine. 
This  type  of  installation  is  rarely  used,  although  the  resulting  signal  is  less  affected 
by  noise  then  in  the  case  of  a  magnetic  sensor  integral  with  the  engine.  In  fact,  this 
solution  ia  not  as  attractive  as  the  conventional  tachogenerator  since  it  requires  one 
shaft  drive  for  two  generators  (or  may  even  require  two  shaft  drives)  due  to  the  fact 
that  the  signal  from  the  magnetic  sensors  cannot  be  displayed  on  a  standard  aircraft 
indicator.  Thus,  it  is  necessary  to  provide  e  specific  shaft  drive  in  addition  to  that 
used  fox  the  aircraft  generator. 


4.2*3  Measurement  Recording 


The  frequency  of  the  signal  developed  by  a  magnetic  sensor  is  generally  between  1,000  Ox 
and  15,000  Hz.  In  some  applications  it  may  reach  35,000  Hz ;  this  is  the  case  for 
rotation  speed  measurements  using  certain  types  of  torquametars  for  which  the  magnitude 
of  the  torque  is  proportional  to  a  differential  rotation  spaed. 


The  recording  of  e  signal  generated  by  a  magnetic  sensor  does  not  cause  any  problems, 
even  if  the  sensor  is  not  specifically  intended  for  rpm  recording,  provided,  however, 
that  the  impedances  of  the  measuring  instruments  involved  ere  high  enough.  This 
recording  can  be  accomplished  using  any  of  the  recording  facilities  normally  used  in 
flight  tests.  Before  the  recording  takes  piece,  it  is  also  possible  to  transmit  the  data 
via  a  telemetry  system.  The  following  signal  conditioning  devices  are  required: 


-  either  analog:  of  the  freguency-to-voltege  converter  type  P62  described  in  para¬ 
graph  3.8, 

-  or  digital:  essantially  provided  for  impedance  matching  and  signal  shaping,  they 
belong  to  ths  digital  system  used  for  the  overall  data  acquisition  (such  devices 
are  aooemmodatod  in  the  DAMIEN  system  of  JAGUAR  aircraft  fox  the  acquisition  ot  rpm 
measurement  from  P55  airborne  indicators). 

Figure  31  shows  the  general  layout  of  ths  various  recording  processes  of  rotation  speed 
measurements  using  a  magnetic  sensor. 

4.3  Advantages  and  Disadvantages 

Magnetic  sensors  offer  the  significant  advantage  of  smaller  size  end  weight,  and  the 

stress  imposed  upon  the  rotating  shaft,  is  low  (the  repelling  power  is  less  then  10~^ 
Hewtons).  The  effects  of  environmental  ooaditions  (temperature,,  acceleration ,  vibration) 
are  almost  negligible.  In  addition,  the  sensors  may  be  remotely  installed  from  the 
associated  electronic  system  without  compromising  the  measurasumt  accuracy.  They  are 
capable  of  operation  under  extxamely  severe  ambient  conditions*  temperature  (~40*C  to 
4-450*0 ,  immersion  into  lubricating  oil  at  a  pressure  of  about  6  kg/m* . 

nevertheless,  ths  magnetic  sensors  do  have  certain  limitations: 
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(1)  With  regard  to  the  spacing  betweei  ths  detection  coil  and  the  wheel  cogs  or  turbine 
blades:  tha  minimum  detection  distance  depend#  upon  tha  nature  of  tha  natal,  this 
minimum  spacing  is  inversely  proportional  to  frequency  T. 

(2 4  The  permissible  off-settings  have  ussy  cloaa  tolaranoas  and  ara  inversely  propor¬ 
tional  to  fraguanoy  F. 

(3)  tha  cog  and  blade  dimensions  ara  restricted  to  ninlup  values. 

(«}  tha  thickness  of  tha  oog  wheel  is  Uni  tad. 

(5)  tha  maximum  fxaguancy  F  is  usually  liuitsd  to  2,000  8s  (5,000  Bs  for  some  *anu~ 
facturars) . 

For  reference  purposes,  tha  cog-to-datactor  spacing  must  ba  of  about  1  mm  with  parmissibla 
off-settings  of  ±0.2  an  for  steel  cogs  and  a  modulation  frequency  lower  than  500  8s.  If 
tha  modulation  frequency  is  higher*  the  permissible  off-setting  tolerance  becomes  ±0.05 
an*  the  cog  must  be  2  on  vide  when  the  depth  is  4  an  and  their  spacing  is  5  am. 

4.4  Existing  Equipment 

the  application  of  magnetic  sensors  as  rotation  speed  detectors  in  the  field  of  regulation 
controls  is  becoming  common  practice.  To  this  end,  steps  have  been  taken  to  initiate 
development  of  a  magnetic  sensor  whose  overall  dimensions  are  50  x  38  x  30  ant  other 
characteristics  include:  high  resistance  to  vibration,  hermetically  sealed,  unaffected 
by  lubricants,  hydraulic  fluids  and  ?uals,  satisfactory  operation  at  temperatures  of 
350 *C  for  the  sensor  and  450*  for  the  cables. 

Magnetic  sensor*  are  also  used  for  torque  measurements  (the  torque  value  being  derived 
from  rotation  spec**  measurements),  for  flow  measurements  and  vibration  measurements  made 
on  the  first  stage  blades  of  compressors  (in  that  case  the  rotation  speed  parameter  appears 
in  the  vibration  frequencies  as  a  spurious  carrier) . 

Xt  is  also  to  he  noted  that  the  engine  manufacturers  have  started  using  the  magnetic 
sensors  for  in-flight  engine  tests. 

4.5  Power  Supply 

Magnetic  sensors  require  a  power  supply  but  the  power  consumption  is  low. 

5.°  COMPARISON  OF  THE  THREE  PREVIOUSLY  DESCRIBED  SPEED  MEASUREMENT  TECHNIQUES 

The  three  rotation  speed  measurement  processes  discussed  in  this  AGARDograph*  i.e., 
chronotachometers ,  tachogenerators  and  magnetic  sensors  have  been  successfully  applied  in 
flight  tests.  At  present,  they  are  all  three  used  for  rpm  measurements  and  their 
coexistence  can  be  explained  on  ths  basis  of  the  diversity  of  problems  encountered  in 
their  application. 

The  chronotac heme  ter •  are  simple ,  accurate  and  do  not  require  external  power.  They  are 
appropriate  for  stabilized  rpm  measurements  and  are  suitable  to  the  rptm  measurements  on 
small  private  airplanes.  Except  for  the  fact  that  the  corresponding  recording  system 
requires  a  p~»wer  supply,  their  characteristics  are  similar.  Both  of  them  are  subject  to 
the  limitations  inherent  to  the  transmission  of  motion  through  a  flexible  shaft. 

The  systems  fitted  with  tachogenerators  allow  an  electrical  transmission  of  the  signals. 
Although  these  systems  have  recently  been  miniaturized,  they  are  still  relatively  bulky. 

They  do  not  require  external  power  and  a  recorder  can  be  connected  either  in  parallel 
with  the  generator  or  to  a  separate  recording  output  provided  on  the  aircraft  indicator, 
or  to  an  additional  generator  if  a  shaft  drive  is  available.  Furthermore ,  the  recent 
development  of  frequency -to-voi tag e  converters  with  low  time  constants  allows  variable 
rotation  speed  measurements  to  be  made  from  the  signals  delivered  by  the  tachogenerators . 

Magnetic  sensors  are  considerably  smaller  and  lighter  than  tachogenerators  for  equivalent 
range  and  accuracy.  The  magnetic  sensors  may  be  used  in  cases  where,  due  to  sensor 
dimensions  and  temperature  considerations,  the  installation  of  a  tachogenerator  would  not 
be  feasible.  Their  use,  however,  remains  limited  because  of  the  extremely  severe  mechanical 
tolerances  associated  with  these  devices. 

it  is  to  be  noted  that  the  aircraft  system  plays  an  important  role  in  Qf 

the  measuring  system,  if  an  aircraft  is  equipped  with  magnetic  sensors,  for  regulation 
purposes  or  other  applications,  the  simplest  solution  is  to  obtain  the  measurement  through 
parallel-connection  with  these  magnetic  sensors  instead  of  installing  an 
tachogeaarator.  On  the  other  hand,  if  the  magnetic  sensor  has  not  been  supplied  by  the 
engine  manufacturer ,  the  problems  of  noise  which  are  liable  to  be  encountered  i.i  the 
mechanical  tolerances  ere  axesadod  renders  the  installation  of  this  type  of  system 
inappropriate.  Therefore,  e  tachogenerator  should  be  installed,  whenever  pcs* ibis.  The 
question  is  whether  the  tachogenerators  will  be  gradually  replaced  by  the  magnetic 
sensors.  The  answer  cannot  be  given  yet  and  will  probably  depend  upon  the 
improvements  to  be  achieved  in  the  production  of  magnetic  sensors. 
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6.o  cmjmatzcw;  or  aowreiow  spgro  HgAsoMauaiT  systems  ■  -  .- 

The  otironotachcsmtara  Hurt  be  calibrated  prior  to  uaa.  A  typical  calibration  facility 
includes  a  series-wound  actor  whose  apead  can  be  adjusted  to  desired  values  to  an 
accuracy  of  about  ±3  rpsi.  Typically,  tbs  torque  available  on  tbe  no  tor  is  0.4  al(  during 
the  ten  seconds  following  the  starting  and  .0.2  an  in  continuous  service  {see  rigure  32). 

Tbe  techogenerafeors  do  not  require  calibration  due  to  their  principle  of  operation, 
whereas  the  associated  eddy-current  indicators  and  similar  devices  are  usually  calibrated 
using  e  techogeneretor  driven  by  a  no tor  whose  speed  is  adjustable  and  known.  Tbe  cali¬ 
bration  of  tbe  electronic  devices  used  for  frequency-to-voltage  conversion  is  accomplished 
using  s  sine  wave  voltage  generetor  controlled  by  e  frequency* tar.  The  digital  devices 
do  sot  require  calibration. 

The  magnetic  sensors  do  not  require  calibration,  whereas  their  associated  electronic 
devices  (freqaancy-to-voltage  converters  sad  digital  converters) ,  which  are  similar  to 
tbe  devices  used  with  techogeneretors,  ere  calibrated  using  tbe  pxooadure  stated  in  the 
above  paragraph. 
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1.0  ROTATION  SPEED  KFASURIHG  DEVICES  FORMERLY  USED  OM  AIRCRAFT 

1.1  Centrifugal  Tachometer 

Tfca  centrifugal  fore*  f *  acting  upon  a  weight  m  integral  with  a  rotating  abaft  is  propor¬ 
tional  to  the  square  of  the  rotation  speed  of  that  shaft,  benoet 

f  “  no*  r. 

In  this  formula,  m  represents  a  punctual  weight  integral  with  the  rotating  shaft.  Under 
the  action  of  a  compressed  spring  force,  this  weight  cosms  to  a  balance  position  at  a 
distance  r  from  the  shaft  axis,  watt's  ball  regulator,  one  the  major  applications  of 
this  proparty,  has  been  used  on  aircraft  for  speed  regulation  purposes.  It  should  be 
remembered  that  a  watt's  regulator  ooneists  of  a  cantaring  device  accommodating  two 
hinged  levers  and  two  balls  (weight  m)  whose  balance  position  is  transmitted  to  a 
sliding  sleeve  by  naans  of  two  additional  hinged  levers. 

1.2  m  Generators 

Such  devices  generally  consist  of  a  email  magneto  including  cosesutators  or  of  an 
alternator-rectifier  assembly.  They  deliver  a  DC  voltage  proportional  to  the  rotation 
speed.  The  DC  generators  are  rerely  used  because  of  numerous  diaadvantegec j  i.e.i 

-  The  residual  ripple  voltage,  superimposed  upon  the  DC  voltage  proportional  to  the 
rotation  speed  may,  in  the  case  of  magnetos,  be  reduced  by  increasing  the  number  of  com¬ 
mutator  here)  however,  this  complicates  -the  design. 

-  The  los'i  impedance  of  the  voltmeters  associated  with  these  generators  must  be 
high  compared  to  the  line  resistance. 

-  The  induced  emf  tends  to  vary  in  time  end  as  e  function  of  temperature  due  to  the 
magnetic  field  variation  of  the  permanent  magnets. 

-  In  addition,  the  magnetos  fitted  with  commutators  raise  problems  inherent  to 
brush  wear  as  well  me  defective  electrical  contacts  at  low  atmospheric  pressure  and  high 
temperature  conditions. 

2.0  OTHER  ROTATION  SPEED  MEASURING  TECHNIQUES  NOT  YET  USED  POP  AIRBORNE  APPLICATIONS 

In  this  paragraph,  attention  is  invited  to  optical  sensors  which  use  optical  fibers.  An 
optical  fiber  is  made  up  of  a  large  number  of  very  thin  fibers  (in  the  order  of  a  micron) 
grouped  within  a  cylindrical  tube  ot  3mm  diameter  for  instance.  One-half  of  the  fibers 
carries  the  light  from  a  light  source  while  the  other  half  carries  light  reflected  from 
end  modulated  by  a  device  mounted  on  the  member  whose  rotation  speed  Is  to  be  measured. 

The  optical  fibers  produced  in  France  withstand  temperatures  of  300*c,  while  a  of 

US  manufacturers  advertise  products  which  can  function  at  up  to  700*C. 

In  the  future,  we  may  witness  a  competition  between  the  optical  fibers  end  photocells,  on 
the  one  hand,  an-3  magnetic  sensors  on  the  other  hand,  for  the  rotation  speed  measurements. 

It  should  be  noted  that  the  photodiode  tine  constant  limits  the  range  of  optical  sensors; 
however,  they  do  not  derive  any  energy  from  the  rotating  shaft;  furthermore,  end  owing 
to  the  optical  fibers,  they  ere  compatible  with  the  various  metals  used  for  the  construction 
of  blades  (magnetic  and  non  magnetic) ,  and  they  may  be  ideal  when  the  space  available  in 
the  proximity  of  the  rotating  shaft  is  very  confined  or  under  high  temperatures* 
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Fig.l  Diagram  of  a  chronotachometer  mechanism 


Fig.2  Schematic  diagram  of 
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Fig.  1.1  Miniature  tachoindicators 
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Fig.  1 4(a)  Schematic  diagram  of  the  P51  tachometer 
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Fig.  14(b)  Crow  aectlon  of  a  P5I  tachometer 


Fig.  1 5  Response  of  *  PS  1  to  *  rapid  speed  variation 


Fig.  1 6  Recording  of  the  response  of  a  PS  1  tachometer  to  a  rapid  speed  variation 
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Fig.27  Recording  of  a  P6200 
transducer  response  to  step  inputs 
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